We present the development and characterization of a replication-competent controlled herpes simplex virus 1 (HSV-1). Replication-essential ICP4 and ICP8 genes of HSV-1 wild-type strain 17syn؉ were brought under the control of a dually responsive gene switch. The gene switch comprises (i) a transactivator that is activated by a narrow class of antiprogestins, including mifepristone and ulipristal, and whose expression is mediated by a promoter cassette that comprises an HSP70B promoter and a transactivator-responsive promoter and (ii) transactivator-responsive promoters that drive the ICP4 and ICP8 genes. Singlestep growth experiments in different cell lines demonstrated that replication of the recombinant virus, HSV-GS3, is strictly dependent on an activating treatment consisting of administration of a supraphysiological heat dose in the presence of an antiprogestin. The replication-competent controlled virus replicates with an efficiency approaching that of the wild-type virus from which it was derived. Essentially no replication occurs in the absence of activating treatment or if HSV-GS3-infected cells are exposed only to heat or antiprogestin. These findings were corroborated by measurements of amounts of viral DNA and transcripts of the regulated ICP4 gene and the glycoprotein C (gC) late gene, which was not regulated. Similar findings were made in experiments with a mouse footpad infection model.
V
iruses or viral vectors administered to human or animal subjects for purposes of vaccination or therapies such as oncolytic therapies must be reasonably safe. At a minimum this means that they must be essentially incapable of causing the disease or condition they would normally cause. This safety is typically achieved by attenuation, which involves the genetic disablement of functions essentially connected to replication of a virus or viral vector. Attenuation may be obtained by adaptation in cell culture or by more purposeful mutagenesis. In the case of an oncolytic virus, reduced replication capability would be expected to be directly reflected in lower oncolytic activity. For vaccine viruses, attenuation is expected to dampen activation of the innate immune system that is important to promote strong and lasting B and T cell responses (1, 2) . For obvious reasons it is not possible to evaluate the difference in immune responses elicited by a wild-type virus and an attenuated version thereof. However, a number of studies compared immune responses to matching pairs of attenuated viruses that maintained some of their replication ability and the corresponding nonreplicating viruses (3) (4) (5) (6) . Viruses that retained some of their replication ability were found to induce more potent and more complete immune responses than the nonreplicating viruses. Based on these results, one may reasonably extrapolate that viruses that retain their full replication ability, e.g., wild-type viruses, would be even more potent immunogens. If this hypothesis were correct, immunogenicity of a virus could be optimized, without compromising the safety of an immunized subject, by subjecting the replication ability of the virus to a control mechanism that can be activated to induce unimpaired replication of the virus in a chosen location and for a desired time and that safely represses replication in the absence of activation (see reference 7 for a broader presentation of this novel immunization concept). The present paper reports on our attempts to generate such replication-competent controlled viruses and the characterization of their regulated replication in vitro and in vivo in the mouse model.
It is well known that, upon topical administration, viruses tend to distribute throughout the host organism (see, e.g., reference 8).
Hence, restriction of the proliferation of a replication-competent controlled virus to the chosen inoculation region is critical to avoid disease and/or viremia. To achieve this type of control, a gene switch that can be activated in a reversible fashion by a targetable physical stimulus but is essentially inactive in the absence of activation will be needed. A gene switch activated by a smallmolecule regulator (SMR) is not indicated because it would not be possible to confine the regulator to the inoculation region. Targetable physical stimuli include different types of radiation, such as visible light, infrared (IR), UV, ultrasound, microwave, and electromagnetic radiation, and heat/cold. Obviously, the gene switch would have to be triggered at levels of locally administered radiation or of heat/cold which are readily tolerated by the host but are well beyond levels to which the host is naturally exposed. Based on available knowledge (9, 10) , a promoter of a heat shock gene such as that of the human HSP70B (HSPA7) gene appeared to be the most suitable gene switch of this type (11, 12) . The HSP70B promoter is activated in a reversible fashion by heat or other proteotoxic stress. It is essentially silent at host body temperature and is at most weakly activated during pyrexia. Targeted heat can be delivered by focused ultrasound, IR, or microwave irradiation or by contact with a heated body/liquid for a short period of time. The last method of heating may be most practical (technically simple and inexpensive) for gene activation near the body surface (e.g., in an immunization setting). It is noted that activation is mediated by heat doses that are readily supported (e.g., 44 to 45°C/10 min) but are sufficiently elevated to virtually preclude accidental activation.
While the HSP70B promoter will function essentially as an on/off switch of controlled gene activity, it cannot be guaranteed that there may be circumstances, such as possibly pyrexia/hyperpyrexia as mentioned before, ischemic events, ingestion of heavy metals and other toxicants, certain pharmacological interventions, and strenuous exercise (13) (14) (15) (16) (17) (18) (19) (20) , under which the promoter may become at least weakly active. Therefore, it may be prudent to subject replication of a controlled virus to dual regulation. One or more replication-essential genes may be placed under the control of both an HSP70B promoter and an SMR-activated gene switch (Fig. 1A) . A somewhat less desirable solution would be to subject a first replication-essential gene to the control of the HSP70B promoter and a second to the control of a constitutively expressed (or auto-activated) SMR-activated gene switch. Gene switches of the type outlined in Fig. 1A were described previously (21) . They consist of (i) an SMR-activated transactivator that is expressed from a promoter cassette that is activated both by heat and the transactivator and (ii) a transactivator-responsive promoter for driving a target gene. Upon transient or stable introduction into cells in vitro or in vivo, such a gene switch activates its target gene subsequent to heat treatment of the cells in the presence of the SMR. Once the gene switch is activated, expression of the target gene continues, unless the SMR is removed (or, in vivo, administration is discontinued). It is noted that HSP promoters are inactivated within hours of heat activation, a kinetic feature that limits their usefulness. The dually responsive gene switch of Fig. 1A extends the duration of heat-activated target gene expression, which may be an important feature if a combination of early and late viral genes or a gene whose continuous activity is required is to be regulated. The gene switch is not appreciably activated by either heat treatment or the SMR alone. Versions of the gene switch employing different SMR-activated transactivators are available (21) (22) (23) .
It is presumed that gene switches of the type shown in Fig. 1A can only regulate genes of viruses such as herpesviruses that use the host machinery for transcription of their genes. Transcription from the HSP70B promoter is mediated by host cell transcription factor HSF1 that is normally present in an inactive form but is transiently activated when the cell receives a triggering heat dose (9, 10) . A herpes simplex virus (HSV), i.e., an HSV-1 wild-type strain, was chosen as the backbone for constructing replicationcompetent controlled viruses for several reasons. The virus has a double-stranded DNA genome of Ͼ150 kbp that tolerates large insertions, supports stable expression of passenger genes, and can be manipulated readily (24) (25) (26) (27) . High titers are reached in vitro. Furthermore, the virus is replicated by a high-fidelity polymerase, is not integrated in the host genome, infects a broad range of host cells, and causes efficient lysis. Latent infection of sensory nerve cells is not considered a problem and may well be an asset in situations in which induction of effector memory T cells is desired (28) . Moreover, the virus is widespread in the human population, Outline showing the changes made to the HSV-1 17synϩ genome to generate recombinant HSV-GS1. (C) Scheme to generate HSV-GS3. eHSF1, endogenous heat shock transcription factor; TRP, transactivator-responsive promoter; TA, transactivator; VG, replicationessential viral gene; SMR, small-molecule regulator; TR L and TR S , long and short terminal repeats, respectively; U L and U S , long and short unique regions, respectively; IR L and IR S , long and short internal repeats, respectively. with a seroprevalence that increases in an age-dependent manner and reaches Ͼ70% in 70-year-olds in the United States. While 90% of seropositive individuals are asymptomatic, the remaining 10% largely experience periodic clinical lesions referred to as "cold sores." Serious complications such as infectious blindness are rare, and HSV encephalitis occurs only under exceptional circumstances. The virus responds to drugs such as acyclovir. Several studies have examined the effects of preexisting immunity to HSV (29) (30) (31) (32) (33) (34) (35) (36) (37) . Most studies reported little or only minor effects on immune responses to HSV-delivered antigens or on the efficacy of oncolytic HSV (29) (30) (31) (32) (33) (34) 37) . The results of the two studies that reported substantial reductions of immune responses (35, 36) may be particular to the unusual models employed. All studies concluded that vaccine/immunization uses of HSV are possible in the presence of preexisting immunity. Cells, plasmids, and viruses. Rabbit skin (RS) cells were a gift from E. Wagner and were propagated in minimal essential medium Eagle (MEME) supplemented with 5% calf serum, 292 mg/ml L-glutamine, 250 U of penicillin/ml, and 250 g of streptomycin/ml (Life Technologies). HeLa-derived J55 cells (21) , Vero cells (procured from the American Type Culture Collection [ATCC]), Vero-derived E5 cells (38) (obtained from N. DeLuca), and the human squamous cell carcinoma line SCC-15 (procured from the ATCC) were grown in Dulbecco's modified Eagle's medium with 10% fetal calf serum and 250 U of penicillin/ml and 250 g of streptomycin/ml. All cells were cultured at 37°C under 5% CO 2 .
MATERIALS AND METHODS

Chemicals
HSV-1 strain 17synϩ and deletion strain KD6 (39) were obtained from J. Stevens. It is noted that stocks of KD6, HSV-GS1, and HSV-GS3 were prepared using E5 cells. For HSV-GS3, medium was supplemented with 10 nM mifepristone, and infected cultures were subjected to daily heat treatment at 43.5°C for 30 min for three successive days.
Virus construction. All viruses were constructed using wild-type HSV-1 strain 17synϩ as the backbone. This strain is fully virulent and well characterized, and the complete genomic sequence is available. The generation of the viral recombinants was performed by homologous recombination of engineered plasmids along with purified virion DNA in RS cells transfected by the calcium phosphate precipitation method, as previously described (27) . All plasmids used to engineer the insertions of the transactivator cassette or the GAL4-responsive promoters comprised HSV-1 sequences cloned from strain 17synϩ. Plasmid IN994 was created as follows: an HSV-1 upstream recombination arm was generated by amplification of HSV-1 (17synϩ) DNA (from bp 95,441 to 96,090) with DB112 and DB113 (Table 1 gives primer sequences). The product was digested with SacI and inserted into the SacI restriction site of pBluescript to create pUP. An HSV-1 downstream recombination arm was generated using primers DB115-KpnI and DB120-KpnI to amplify HSV-1 (17synϩ) DNA sequence between bp 96,092 and 96,538. The PCR product was digested with KpnI and cloned into KpnI-digested pUP to create pIN994, which recombines with HSV-1 at the UL43/44 intergenic region.
Replication-competent controlled virus HSV-GS1. A first recombination plasmid, pIN:TA1, was constructed by inserting a transactivator (TA) cassette containing a GLP65 gene under the control of a promoter cassette that combined a human HSP70B promoter and a GAL4-responsive promoter (21) into the multiple cloning site of plasmid pIN994, between flanking sequences of the HSV-1 UL43 and UL44 genes. The TA cassette was isolated from plasmid HSP70/GAL4-GLP65 (21) and was cloned by three-piece ligation to minimize the region that was amplified by PCR. For the left insert, HSP70/GAL4-GLP65 was digested with BamHI and BstX1, and the resulting 2,875-bp band was gel purified. This fragment contains the HSP70/GAL4 promoter cassette as well as the GAL4 DNA-binding domain, the progesterone receptor ligand-binding domain, and part of the P65 activation domain of GLP65. The right insert was generated by amplifying a portion of pHSP70/GAL4-GLP65 with primers TA.2803-2823.fwd and BGHpA.rev. The PCR product was digested (within the primer regions) with BstX1 and NotI, and the resultant 676-bp fragment was gel purified. This fragment contained the 3= end of the P65 activation domain and the bovine growth hormone (BGH) 3= nontranslated region. For the vector, pIN994 was digested with BamHI and NotI, and the resulting 4,099-bp fragment was gel purified and shrimp alkaline phosphatase (SAP) treated. The two inserts were then simultaneously ligated into the vector to create pIN:TA1. One microgram of pIN:TA1 was cotransfected with 2 g of purified HSV-1 (17synϩ) virion DNA into RS cells by calcium phosphate precipitation. The resulting pool of viruses was screened for recombinants by the picking of plaques, amplification of these plaques on 96-well plates of RS cells, and dot blot hybridization with a 32 P-labeled DNA probe prepared by labeling a TA fragment by random-hexamer priming. A positive well was replaqued and reprobed five times and verified to contain the TA cassette by PCR and sequence analysis. This intermediate recombinant was designated HSV-17GS43. A second recombination plasmid, pBS-KS:GAL4-ICP4, was constructed that contained a GAL4-responsive promoter inserted in place of the native ICP4 promoter by cloning it in between the HSV-1 ICP4 recombination arms of plasmid pBS-KS:ICP4⌬promoter. The GAL4-responsive promoter was excised from plasmid pGene/v5-HisA (Invitrogen Corp.) with AatII and HindIII, and the resulting 473-bp fragment was gel purified. For the vector, pBS-KS:ICP4⌬promoter was digested with AatII and HindIII, and the resulting 3,962-bp fragment was gel purified and SAP treated. Ligation of these two fragments placed the GAL4 promoter in front of the ICP4 transcriptional start site. Subsequent to transformation, a colony was expanded, test digested, and verified by sequencing. One microgram of pBS-KS:GAL4-ICP4 was cotransfected with 4 g of purified HSV-17GS43 virion DNA into cells of the ICP4-complementing cell line E5 by calcium phosphate precipitation. The resulting pool of viruses was screened for recombinants by the picking of plaques, amplification of these plaques on 96-well plates of E5 cells, and dot blot hybridization with a 32 P-labeled DNA probe prepared by labeling the GAL4-responsive promoter fragment by random-hexamer priming. A positive well was replaqued and reprobed seven times and verified to contain the GAL4-responsive promoter in both copies of the short repeat sequences by PCR and sequence analysis. This recombinant was designated HSV-GS1. To obtain pBS-KS:⌬SacI, the SacI site was deleted from the polylinker of plasmid vector pBluescript-KSϩ by digesting the plasmid with SacI. The resulting 2,954-bp fragment was gel purified, treated with T4 DNA polymerase to produce blunt ends, recircularized, and selfligated. Recombination plasmid BS-KS:ICP4⌬promoter was constructed as follows: to generate a first insert, cosmid COS48 (a gift of L. Feldman) was subjected to PCR with the primers HSV1.131428-131404 and HSV1.130859-130880. The primers, respectively, placed HindIII and XhoI sites on the 5= end of the region and NcoI and KpnI sites on the 3= end. The 600-bp primary PCR product was digested with HindIII and KpnI, and the resulting 587-bp fragment was gel purified. Vector pBS-KS: ⌬SacI was digested with HindIII and KpnI, and the resulting 2,914-bp fragment was gel purified and SAP treated. Ligation placed the first insert into the vector's polylinker, creating pBS-KS:ICP4-3= end. To generate a second insert, cosmid COS48 was subjected to PCR with the primers HSV1.132271-132250 and HSV1.131779-131800. These primers, respectively, placed NotI and SpeI sites on the 5= end of the region and AatII, SacI, NsiI, HindIII and XhoI sites on the 3= end. The 549-bp primary PCR product was digested with NotI and XhoI, and the resulting 530-bp band was gel purified. This fragment also contained the 45-bp OriS hairpin. Plasmid BS-KS:ICP4-3= end was digested with NotI and XhoI, and the resulting 3,446-bp band was gel purified and SAP treated. Ligation generated pBS-KS:ICP4⌬promoter. The inserts in pBS-KS:ICP4⌬promoter were verified by sequence analysis.
Replication-competent controlled virus HSV-GS3. HSV-GS1 was used as the backbone for the construction of the recombinant HSV-GS3. To construct the ICP8 recombination plasmid pBS-KS:GAL4-ICP8, a GAL4-responsive promoter was excised from the plasmid pGene/v5-HisA with AatII and HindIII, and the resulting 473-bp fragment was gel purified. For the vector, pBS-KS:ICP8⌬promoter was digested with AatII and HindIII, and the resulting 4,588-bp fragment was gel purified and SAP treated. Ligation of the latter two DNA fragments placed the GAL4-responsive promoter cassette in front of the ICP8 transcriptional start site. Subsequent to transformation, a colony was expanded, test digested, and verified by sequencing. One microgram of pBS-KS:GAL4-ICP8 was cotransfected with 10 g of purified HSV-GS1 virion DNA into E5 cells by calcium phosphate precipitation. Subsequent to the addition of mifepristone to the medium, the transfected cells were exposed to 43.5°C for 30 min and then incubated at 37°C. Subsequently, on days 2 and 3, the cells were again incubated at 43.5°C for 30 min and then returned to 37°C. Plaques were picked and amplified on 96-well plates of E5 cells in medium supplemented with mifepristone. One hour after infection, the plates were incubated at 43.5°C for 30 min and then further incubated at 37°C. Subsequently, on days 2 and 3, the plates were also shifted to 43.5°C for 30 min and then returned to 37°C. After the wells showed 90 to 100% cytopathic effect, the plates were dot blotted, and the dot blot membrane was hybridized with a 32 P-labeled DNA probe prepared by labeling the HSV-1 ICP8 promoter fragment that was deleted. A faintly positive well was replaqued and reprobed eight times and verified to have lost the ICP8 promoter and to contain the GAL4-responsive promoter in its place by PCR and sequence analysis. This recombinant was designated HSV-GS3. The recombination plasmid pBS-KS:ICP8⌬promoter was constructed using essentially the same strategy as that described above for the creation of pBS-KS: ICP4⌬promoter: a first insert was PCR amplified from HSV-1 17synϩ virion DNA using the primers HSV1.61841-61865 and HSV1.62053-62027 and subcloned to yield intermediate vector pBS-KS:ICP8-3= end. A second insert was similarly obtained using primers HSV1.62173-62203 and HSV1.62395-62366 and was subcloned into pBS-KS:ICP8-3= end to yield pBS-KS:ICP8⌬promoter.
Construction of expression plasmid pICP8. A 3,777-bp fragment containing the entire ICP8 coding sequence and the native promoter of the ICP8 gene was PCR amplified from HSV-1 17synϩ virion DNA using primers HSV1.58409-58444 and HSV1.62186-62150 and subcloned into pBS-KS:⌬SacI. The plasmid insert was verified by sequence analysis.
Gene switch activation in J55 cells. Cells were seeded in 24-well plates at 4 ϫ 10 4 cells per well. One day later compounds or vehicle was added to the cultures, and the plates were either exposed to heat of 43°C for 2 h (by immersion in a temperature-controlled water bath) or continued at 37°C for the same time. The plates were then incubated at 37°C for an additional 24 h, after which time cultures were harvested. Firefly luciferase activities were determined using a luciferase assay system (Promega), and protein amounts in extracts were determined using a Bio-Rad protein assay kit (Bio-Rad Laboratories). Activity values were calculated as rela- Virus was allowed to adsorb for 1 h at 37°C; then the inoculum was removed, and the cells were overlaid with complete medium. Mifepristone treatment (10 nM 
infection using an antibody plaque assay, essentially as previously described (41) . Briefly, medium was removed, and the monolayers were fixed with cold 100% methanol for 20 min at 20°C. The monolayers were then washed with phosphate-buffered saline (PBS) and, subsequent to addition of 100 l of a 1/1,000 dilution of a polyclonal anti-HSV antiserum (rabbit anti-HSV horseradish peroxidase [HRP] conjugate; Dako Labs), were incubated for 1 h at room temperature. The antiserum was aspirated, the monolayers were rinsed twice with PBS, and the plaques were visualized by adding 200 l of Immunopure diaminobenzidine (DAB) substrate (Pierce Chemicals), which was removed after approximately 10 min by rinsing with PBS.
Viral DNA replication and transcription. (i) In vitro. Confluent Vero cells in 35-mm dishes of were infected at an MOI of 3 with the HSV-GS3 vector. Each treatment group consisted of three replicate dishes (for each time point). Virus was adsorbed for 1 h at 37°C, the inoculum was removed, and the cells were overlaid with complete medium. Antiprogestin (i.e., mifepristone or ulipristal) treatment was initiated at the time of the initial infection. Heat treatment was performed by floating the sealed dishes in a 43.5°C water bath for 30 min on a submerged platform (initiated 4 h postinfection). Dishes were incubated further at 37°C. At 1, 4, 12, and 24 h after heat treatment, medium was removed, and the DNA and RNA were extracted using TRIzol (Life Technologies). Extracted DNA was subjected to TaqMan real-time quantitative PCR (qPCR) for quantitative analysis of HSV-1 DNA (using HSV DNA polymerase [Pol] primers and probe) (42) . Extracted RNA was analyzed by TaqMan realtime reverse transcription-qPCR (RT-qPCR) for the presence of ICP4 and glycoprotein C (gC) transcripts (42) . DNA and RNA quantities were normalized relative to the cellular adenine phosphoribosyltransferase (APRT) gene and are presented as relative quantities.
(ii) In vivo. Swiss Webster outbred female mice (4 to 6 weeks old) were anesthetized and inoculated with 1 ϫ 10 5 PFU of HSV-GS3 vector following saline pretreatment and light abrasion of both rear footpads essentially as previously described (27) . Each treatment group consisted of five mice. The animal studies were approved by the University of Florida Institutional Animal Care and Use Committee (IACUC) and were performed in accordance with the approved protocols. Ulipristal treatment was administered intraperitoneally at the time of infection. Heat treatment was performed at 45°C for 10 min (by immersion of hind feet in a water bath) 3 h after virus administration. Mice were allowed to recover at 37°C for 15 min. Mice were sacrificed 24 h (or 4 days in one type of experiment) after heat induction, and the feet and the dorsal root ganglia (DRG) were dissected and snap-frozen in RNAlater (Sigma-Aldrich). DNA and RNA were extracted by grinding the tissues in TRIzol and back-extracting the DNA from the interface. DNA and RNA were analyzed, and data are presented as described in the preceding paragraph.
RESULTS
Heat-and antiprogestin-activated gene switch. The dually responsive gene switch that was to be employed for controlling replication of an HSV-1 strain contains the highly heat-inducible HSP70B promoter and a transactivator activated by a small-molecule regulator (SMR) (Fig. 1A) . Several different versions of the gene switch were assembled and characterized (21) (22) (23) ). It appears that the choice of transactivator is not particularly limited by functional constraints. More important considerations may relate to potential toxicity of an SMR associated with a particular transactivator, dysregulation of host genes that may be caused by a transactivator or its SMR, presence in the environment or use in medicine of an SMR or of related compounds that can substitute for the SMR, and the like. The best-characterized dually responsive gene switch employs transactivator GLP65, a chimeric factor containing a DNA-binding domain from Saccharomyces cerevisiae transcription factor GAL4, a truncated ligand-binding domain from a human progesterone receptor (PR), and transcriptional activation domains from human NF-B P65 that is activated by the antiprogestin mifepristone but not by several progestins (21, 43, 44) . Ligand-independent activation of PR can occur and involves enhanced phosphorylation of PR or a coactivator interacting with PR activation function 1 (AF-1) or AF-2 (see reference 7 and references cited therein). The PR sequence in GLP65 lacks all PR AFs, the unique PR sumoylation site, and all known PR sites whose phosphorylation can enhance PR activity (7, 44) . Hence, ligand-independent activation should not occur and, to the best of our knowledge, has not been observed during the many years that this transactivator has been tested in diverse animal models. Therefore, the main concern with the use of GLP65 would be the possibility of inadvertent activation by one of the many progestins that are in extensive use in long-term control medications. (For possibly interfering medical uses of antiprogestins, see the Discussion.) To address this concern, we attempted to compile a complete list of medically used progestins, procured the compounds identified, and tested their ability to coactivate a heat-and antiprogestin-activated (GLP65-based) gene switch. In these experiments, cell line J55 was utilized that stably contained the gene switch and a luciferase target gene (21) . Results showed unequivocally that none of the progestins had measurable activity (Ͼ0.1% of the activity of mifepristone) ( Table 2 ). Note that the antiprogestin mifepristone was included in the experiment as both a positive control and a reference. To more completely characterize the gene switch, we also tested several available antiprogestins. As is shown in Table 3 , the activity of telapristone (CDB-4124) was similar to that of mifepristone, and ulipristal (CDB-2914) was more active. No activity was recorded for the synthetic antiprogestin PF-62367982 (45) .
Replication of HSV-GS1 is stringently regulated in cultured cells. Recombinant virus HSV-GS1 was derived from wild-type HSV-1 strain 17synϩ by insertion of transactivator cassette pHSP70/GAL4-GLP65 (comprising a GLP65 gene functionally linked to a promoter cassette containing a human HSP70B and a GAL4 promoter) and replacement of the viral promoters driving the replication-essential ICP4 genes with GAL4 promoters, subjecting the replication-essential ICP4 genes to gene switch control (Fig. 1B) .
In a first experiment, replication of HSV-GS1 in the permissive E5 cells (that express ICP4) was compared with that in the non-permissive RS cells (Table 4) . While HSV-GS1 replicated as efficiently as wild-type strain 17synϩ in the E5 cells, it did not appear to replicate in the RS cells. This result suggested that replication of HSV-GS1 was stringently controlled by the dually responsive gene switch.
To corroborate the latter result as well as to find out whether activation of the ICP4 genes was dependent on both heat and SMR, single-step growth experiments were carried out in Vero cells using the procedure described in Materials and Methods. It is noted that these experiments were performed at an MOI of 3 to sensitively detect recombinant virus replication in the absence of activation. Sets of cultures of HSV-GS1-infected cells were either exposed to 10 nM mifepristone (from the time of infection) and heat treated at 43.5°C for 30 min (activating treatment), exposed to mifepristone in the absence of a heat treatment, heat treated in the absence of mifepristone, or left untreated. Cultures were harvested at various time points, extracts were prepared, and infectious virus present in the extracts was titrated on E5 cells. Results showed vigorous replication of the recombinant virus after activating treatment (Fig. 2A) . No replication was observed in the absence of a heat treatment and/or mifepristone. Hence, replication of HSV-GS1 was stringently controlled by the dually responsive gene switch. Another experiment compared replication efficiencies of HSV-GS1 and the wild-type parent 17synϩ. This experiment demonstrated that, subsequent to activating treatment, HSV-GS1 replicated essentially as efficiently as the wildtype virus (Fig. 2B) . It was noted that the activating treatment modestly reduced wild-type virus yield.
Tightly controlled replication of HSV-GS3 in different cell lines. While the dually responsive gene switch provides HSV-GS1 with a safeguard against inadvertent activation, a single mutation or recombination event may be sufficient to remove the ICP4 genes from regulation. In HSV-GS3, both ICP4 and ICP8 genes are under gene switch control. Subjecting two replication-essential genes to gene switch control ensures that no single mutation or recombination event can result in uncontrolled viral replication. HSV-GS3 was derived from HSV-GS1 by replacing the promoter of the ICP8 gene with a GAL4 promoter (Fig. 1C) . Single-step growth experiments were carried out to characterize HSV-GS3.
To determine whether HSV-GS3 was capable of robust replication, a single-step growth experiment was conducted in which replication of HSV-GS3 and that of wild-type virus were compared in the presence or absence of an activating treatment. In this experiment, parallel cultures of E5 cells (or E5 cells transfected with ICP8 expression plasmid in the case of infection with HSV-GS3 in the absence of an activating treatment) were infected with HSV-GS3 or wild-type virus at an MOI of 3. The cultures were untreated or subjected to an activating treatment (heat treatment administered immediately after infection). Cultures were harvested at different times, extracts were prepared, and infectious virus present in the extracts was titrated on E5 cells transfected with an ICP8 expression plasmid. Results revealed that HSV-GS3 replicated nearly as efficiently as wild-type virus (Fig. 3A) . The activating treatment had only a minor effect on the replication efficiencies of HSV-GS3 and wild-type virus. Additional single- a Confluent monolayers of either RS or E5 cells in 60-mm dishes were infected with HSV-GS1 or 17synϩ at an MOI of 5, incubated for 48 h, harvested by scraping cells into the medium, subjected to two rounds of freeze-thawing, and titrated on E5 cells for infectious virus. Two independent replicates were performed. b ND, none detected. The detection limit in this experiment was about 100 PFU/ml.
step growth experiments were carried out. These experiments were aimed primarily at finding out whether HSV-GS3 replication was tightly controlled in diverse cell types. Examples of experiments in monkey Vero cells or human SCC-15 tumor cells are shown in Fig. 3B and C. Robust replication in these and other cell types occurred subsequent to activating treatment. Replication could not be observed in the absence of heat treatment and/or exposure to mifepristone. For historical reasons the earlier experiments utilized mifepristone as a coactivator. Ulipristal is a more selective antiprogestin than mifepristone and for this reason would be a preferred coactivator (46) . After ulipristal was found to be capable of coactivating the dually responsive gene switch in J55 cells (Table 3) , an experiment was carried out to determine whether ulipristal was as effective as mifepristone as a coactivator of HSV-GS3 replication. Parallel cultures of Vero cells were infected with HSV-GS3. Mifepristone or ulipristal was added at the time of infection, and heat treatments at 43.5°C for 30 min were performed immediately after infection. Cultures were harvested at different times after infection, and DNA and RNA were extracted and analyzed by qPCR and RT-qPCR, respectively. Results presented in Fig. 4 show that ulipristal and mifepristone are equivalent coactivators. As expected based on the results of the single-step growth experiments, HSV-GS3 DNA replication was strictly dependent on activation in host cells by heat treatment in the presence of antiprogestin (Fig. 4A) . Consistent with the expected time course of HSV-1 replication, elevated DNA levels were measured in cells harvested 12 or 24 h after infection but not in cells harvested after 1 or 4 h. Corresponding data were obtained for the expression of the ICP4 and gC genes ( Fig. 4B and C) . Mifepristone and ulipristal similarly coactivated transcription of the viral genes. As expected, transcripts of the regulated ICP4 genes appeared earlier than transcripts of the late gC gene. DNA replication and viral gene transcription did not occur in the absence of heat treatment and, subsequent to heat treatment, were dependent on antiprogestin concentration.
Replication of HSV-GS3 in vivo is strictly dependent on an activating treatment. Groups of adult female mice were inoculated with HSV-GS3 on both rear footpads. Different doses of ulipristal were administered intraperitoneally at the time of infection. Heat treatment was performed at 45°C for 10 min (by immersion of hind feet in a water bath) 3 h after virus administration. Mice were sacrificed 24 h after heat induction. The feet and DRG were dissected, and DNA and RNA were extracted and subjected to qPCR for quantitative analysis for HSV-1 DNA. RNA was analyzed by RT-qPCR for the presence of ICP4 and gC transcripts. HSV-1 is a neurotropic virus and capable of establishing latency in sensory nerve cells. In the interest of a more complete characterization, the analysis was carried out on both feet and DRG. Viral DNA levels in feet and, to a much more limited extent, in DRG increased with ulipristal dose in heat-treated animals (Fig. 5A) . Heat treatment alone (Fig. 5A , the condition heat plus 1 g/kg ulipristal) or administration of ulipristal alone did not result in increased DNA levels. These results were mirrored at the level of ICP4 and gC transcripts, at least in feet (Fig. 5B and C) . Transcripts were undetectable in DRG. These findings strongly suggested that replication in vivo of HSV-GS3 was stringently controlled by the heat-and antiprogestin-activated gene switch.
Finally, we wished to compare the in vivo replicative yields between HSV-GS3 and the replication-defective (ICP4-deficient) HSV-1 recombinant KD6. Mice were virus infected on the rear footpads and were either untreated or subjected to activating treatment (45°C for 10 min, 50 g/kg ulipristal). Four days later, ganglia and feet were dissected and homogenized. Homogenates were divided into two fractions. From one fraction DNA was extracted for qPCR analysis. The other fraction was assayed for infectious virus by plaque assay (on E5 cells transfected with an ICP8 expression plasmid). Elevated levels of viral DNA were detected in feet from HSV-GS3-infected animals that had been subjected to heat treatment in the presence of ulipristal but not from animals that had not received such activating treatment or from animals that had been infected with KD6 (Fig. 5D ). Low levels of HSV-1 DNA were found in DRG of KD6-and HSV-GS3-infected animals, suggesting that both viruses were capable of latently infecting the ganglia (albeit at low levels). Infectious virus could be isolated only from feet of HSV-GS3-infected animals that had been subjected to an activating treatment and not from untreated HSV-GS3-infected animals or from KD6-infected animals.
DISCUSSION
The results presented here describe the construction and testing of novel conditionally replication-competent HSV-1 recombinants in which replication can be induced both in vitro and in vivo by a transient heat treatment of infected cells in the presence of an antiprogestin (i.e., mifepristone or ulipristal). We show that in the absence of either or both coactivators, viral transcription and replication are tightly suppressed. This provides the basis for future exploration of such replication-competent controlled viruses as HSV vaccines or tumor vaccines.
The potential advantage of replication-competent controlled viruses is the ability to induce one or more initial rounds of robust viral replication in the target tissue (e.g., the skin) where viral antigens are efficiently presented to the host antigen-presenting cells in the natural context of the infection. This is in contrast to replication-defective or attenuated HSV vectors that, because of their nature, are not expected to be similarly effective immunogens. Even in the case of disabled infectious single-cycle (DISC)-type vaccines (such as gD mutants), replication is limited to the initially infected cell. HSV-GS3 affords additional rounds of replication if heat and antiprogestin are reapplied and also provides the potential for boosting the immunogen. Therefore, this type of replication-competent controlled virus could provide substantial advantages in efficacy as an immunization vector over previously investigated vaccines. From a safety point of view, replicationcompetent controlled viruses such as HSV-GS3 should exhibit similar safety profiles as existing HSV vaccine vectors, and one may argue that the conditional nature of their controlled replication may make them safer than some attenuated vectors, especially in the immunocompromised.
While we show here that our replication-competent controlled HSV recombinants have the potential to establish a latent infection (Fig. 5D, HSV-GS3 ), this is not surprising since even nonreplicating HSV vectors are known to do so (47) (Fig. 5D, KD6 virus) . The replication-competent controlled HSV should not be able to reactivate in the absence of heat and antiprogestin. Should this be desirable, derivative vectors may be constructed that should be incapable of reactivation even in the presence of the coactivators, e.g., by subjecting the controlled replication-essential gene(s) to additional repression by a latency-specific factor.
It is noted that HSV-GS1 and HSV-GS3 should be regarded as first examples of replication-competent controlled herpesviruses. Variants may be explored in which other replication-essential viral genes than ICP4 and ICP8 are subjected to the control of a dually responsive gene switch. Additional genes may be brought under gene switch control, which may further increase the stringency of regulation of virus replication. Essentially any two or more replication-essential viral genes may be so controlled, provided that the sustained presence of the protein products of the selected genes does not negatively affect replication efficiency and that the activated gene switch is capable of transactivating the genes at nonlimiting rates. There is no reason why components of immune evasion mechanisms, e.g., transporter associated with antigen processing (TAP) inhibitor gene ICP47, could not be disabled or why immune-modulating genes could not be introduced to further boost or direct immune responses. HSV-GS1 and HSV-GS3 were derived from HSV-1 wild-type strain 17synϩ. Analogous replication-competent controlled viruses may be constructed based on other HSV-1 strains or other suitable viruses, which may include the alphaherpesviruses HSV-2 and varicellazoster virus (VZV) and the betaherpesviruses, including cytomegalovirus (CMV) and the roseola viruses (HSV-6 and -7). In the present study, use was made of a dually responsive gene switch comprising an antiprogestin-activated artificial transactivator. This transactivator was chosen because its activity is strictly dependent on its SMR, i.e., an antiprogestin such as ulipristal or mifepristone. The antiprogestins are readily available, are unlikely to have negative effects on the immune system if used at low concentrations, have been safety tested in humans, are not considered essential active ingredients by the WHO, and are utilized only sporadically and in single dose in human subjects. It is noted that tight dual regulation of replication of a controlled herpesvirus will be particularly important at the time of administration and for several weeks thereafter when virus is abundant and systemically present. After this period, sporadic, single uses of antiprogestins would likely pose minimal risks, especially if the treated subject had normal or nearly normal body temperature. Other SMR-dependent transactivators may be utilized in replication-competent controlled viruses such as, for example, the well-characterized Tet-on transactivators. Of particular interest would be transactivators whose SMR is not used at all in human therapy. At this time, this would include dimerizer-based transactivators activated by nonimmunosuppressive analogs of rapamycin (rapalogs) and the ecdysone receptor-based RheoSwitch transactivator activated by synthetic ligand RSL-1 (48) (49) (50) (51) . A heat-and rapalog-activated gene switch has been developed recently (22, 23) . Replication-defective or attenuated viruses have long been used as vehicles for the delivery of heterologous antigens (i.e., antigens of other organisms) (52) (53) (54) . Experience was gathered with a variety of different viruses, including adenoviruses, HSV, poxviruses, measles virus, lentiviruses, and yellow fever virus. Hence, replication-competent controlled HSVs such as HSV-GS3 not only may be considered potential HSV candidate vaccines but may also serve as platforms for expressing heterologous antigens. As has been argued previously for antigens of the controlled virus itself, superior and more balanced immune responses against heterologous antigens may be induced if these antigens are expressed and presented in the context of vigorous viral replication. Depending on the duration of expression desired, a gene for a heterologous antigen may be subjected to the control of the dually responsive gene switch or to an unregulated (or differently regulated) promoter.
The results presented here support the further testing of replication-competent controlled herpesviruses such as HSV-GS3 as a new generation of regulated and robust immunization vectors. Interest in oncolytic HSV vectors has been rekindled by the recent clinical development by Amgen of talimogene laherparepvec (also known as T-VEC), which resulted in an application for a biologics license in the United States. A phase 3 study on melanoma patients revealed a statistically significant better response to intralesional injection of T-VEC than to control treatment (subcutaneous granulocyte-macrophage colony-stimulating factor [GM-CSF]) (55) . T-VEC is an attenuated derivative of HSV-1 wild-type strain JS1 and carries a GM-CSF passenger gene (56) . We suggest that a replication-competent controlled HSV may have significant advantages over a vector such as T-VEC. Because the safety of a controlled virus relies on spatiotemporal regulation rather than attenuation, such a virus could be derived from the most potent oncolytic wild-type virus without diminishing its oncolytic activity. The controlled virus could be directly administered to lesions and specifically activated within the lesions. Highly localized activation of virus-mediated oncolysis could be achieved by highintensity focused ultrasound (HIFU) heating in the systemic presence of the appropriate SMR. Magnetic resonance (MR)-guided HIFU devices have been developed for medical uses (ExAblate Systems; InSightec, Ltd.) and are capable of heat-ablating small tissue volumes with high accuracy. A device of this type was also shown to be capable of activating a heat shock protein (HSP) promoter in a narrowly defined tissue region of a small animal (57) . We note that the activating heat treatment may provide an additional independent benefit: activating HSF1 in tumor cells (which results in enhanced accumulation of HSPs) prior to their killing has been reported to enhance their immunogenicity (58) .
